Abstract. The design, analysis, and performance evaluation of rf power systems ultimately requires accurate modeling of a chain of subsystems starting with the rf transmitter and ending with the power absorption in the plasma. A collection of computer codes is used at ORNL to calculate the plasma loading and wave spectrum for a threedimensional rf antenna, the transmissiodreflection properties of the Faraday shield and its effect on the electrical characteristics and phase velocity of the antenna, the internal coupling among antenna array components and the incorporation of the antenna array into a transmission line model of the phase control, tuning, matching, and power distribution system. Some codes and techniques are more suited for the rapid evaluation of system design progressions, while others are more applicable to the detailed analysis of final designs or existing hardware. The interaction of codes and the accuracy of calculations will be illustrated by the process of determining the plasma loading as a function of phasing and density profiles for the TFTR ICRH antennas and comparing the results to measurements. An example of modeling a complex antenna geometry will be the comparison of calculations with the measured electrical response of a four-strap mockup of the JET A2 antenna array which was loaned to ORNL by the JET ICRH team.
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This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, prockss, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or .imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agehcy thereof. and flexibility. The codes used for analysis should be able to incorporate available measurements as inputs and to calculate outputs that can be easily compared with measurable quantities. Ideally, codes should not be machine specific but applicable to a wide range of experimental configurations. Fig. 1 illustrates a set of rf codes routinely used at O W L , or in conjunction with collaborations, for the design and analysis of ion cyclotron heating and current drive systems on fusion experiments. This is, of course, only a small subset of such codes extant in the rf/fusion community, but it serves to illustrate the interfaces and areas of overlap in the design and evaluation of a system. An important block of numerical tools are the coupled transmission line codes of FOCSL [l] , COUPANTS [2] , ANTMOD [3] , and FDAC [4] , whose domain of application extends from the transmitters to the antenndplasma interface. COUPANTS models the antenna as a coupled, sectionalized transmission line, each section using inductive and capacitive matrices to define its interaction with other sections of the antenna structure. ANTMOD uses the same model and parameters, but solves for the antenna voltages and currents by direct matrix inversion rather than using an iterative technique. Both codes output scattering (Sparameter) matrices as their interface with FOCSL; input parameters come from magnetostatic analyses[ 51 for the coupling matrices and from RANT3D for the plasma loading.
Numerical Codes Presently in Use at ORNL
FOCSL models the rf system from the transmitters to the antenna ports and includes all the tuning/matching components as well as the power decouplers. It was developed to model the JET ion cyclotron heating (ICH) power distribution system and the code itself needs to be modified to accommodate other system configurations. The recently developed design code, FDAC, specifies system configurations by means of an easily modified data set. FDAC can model the entire system from the antenndplasma interface to the transmitters for simple antenna geometries. For asymmetric antennas with internal coupling, FDAC can be interfaced with the antenna scattering parameters calculated by ANTMOD.
The antenna plasma interaction is modeled with RANT3D[ 61, which solves Maxwell's equations in Fourier space using rectangular waveguide basis sets. Its object oriented code structure allows complex three-dimensional (3D) structures to be built from nested waveguide sections while imposing E and B matches at the waveguide interfaces. The final match is made to a plasma impedance matrix which is generated by PLASMAIMP [7] or GLOSI[ 81 . RANT3D can also use its field solutions at the plasma interface as input to PICES [9] , a 3D full wave plasma code used to calculate the detailed rf interaction with the target plasma.
Another antenna analysis code coming into more widespread use is ARGUS [ lo] , a 3D electromagnetic code developed by SAIC. Its calculations of antenna vacuum fields have shown good agreement with measurements and the evaluation of its plasma loading predictions are in progress. It is particularly useful in its ability to calculate the self-consistent electromagnetic fields in the vicinity of the Faraday screen. These fields are used as input to ANSAT[ 111, a code developed by Lodestar to compute rf sheath voltages and impurity production at plasma facing surfaces.
TFTR Bay M Antenna Loading Analysis
An example of the interaction between antenna codes and circuit models is the analysis of the plasma loading measurements made on the TFTR Bay M Antenna[ 121. The Bay M antenna consists of two end-fed, center-grounded straps separated by a slotted septum; the two ends of each strap are fed 180" out of phase by a resonant loop of transmission line tapped at a high impedance point[ 131. Measured quantities are the power fed to the antenna tap point (forward and reflected voltages) and the voltages measured near the top and bottom of each strap. The equivalent series resistance Rs of the antenna is defined in terms of the measured power and the maximum antenna current. This is in distinction to the often used cuupling resistance Rc, defined as terminating resistance of the antenna feed line needed to duplicate the VSWR on that line.
The antenna is modeled as a lossy transmission line, with inductance, capacitance, and resistance per unit length ( L , C', r') defined for each section of the line. The mutual inductance and phase difference between straps is included in the L' and r' for the strap sections. In addition to the ohmic vacuum losses r', the plasma loading along the strap is represented by R ' and Xp', the real and imaginary power per unit length calculated by RANT36. These values are modified by the Faraday shield transmission factor (and in the case of 2D analysis, by an effective length correction factor for the end effects) as measured or calculated by the magnetostatic codes and inserted into the circuit model to obtain R,.
The keys to accurate calculation of the loading resistance are knowledge of the circuit parameters described above, a 3D model of the antenna so that antenna return currents and their effect on the plasma can be properly handled, and plasma density profiles in the immediate vicinity of the antenna. The geometry used by RANT3D is shown in Fig. 2 . The recesses surrounding the antenna cavity affect the plasma loading and power spectrum by localizing the antenna return currents in the antenna frame. The proper projection of the solid septum in this model was found by matching the interstrap coupling coefficient to that calculated by a 3D magnetostatic model with a slotted septum. The plasma density profile (Fig. 3) was measured by a microwave reflectometer[ 141 located in the nearby Bay K. 4 shows that, although both are systematically high, the 3D analysis more closely agrees with the measured loading than does the 2D analysis, particularly at the smaller plasma gaps where the mutual interaction between the plasma currents and the return currents in the antenna frame is more pronounced. This discrepancy between the 2D and 3D results for small plasma gaps is even more noticeable for the monopole phasing in Fig. 5 . In dipole phasing, the oppositely directed strap currents reduce the influence of the return currents, particularly those in the septum. In monopole phasing, the influence of the return currents on the loading and power spectrum is increased and both a 3D model and surrounding recesses are required for accurate calculations.
JET A2 Flatbed Antenna Analysis
Two JET A2 flatbed antenna modules, each consisting of two toroidally separated straps, were provided to ORNL by the JET ICH team for the purposes of measurement and analysis. These full-scale mockups are simplified versions of the fET A2 antennasC151. To facilitate fabrication, the mockup geometry is rectilinear rather than the complex curved geometry employed by the actual A2 antennas; gap spacing between the straps and the walls are changed, as is the detailed geometry of the power feed to the inner strap.
Hence the detailed electrical characteristics of flatbed antennas differ somewhat from those of the actual A2 antennas. Nonetheless, all the general geometric characteristics of the actual antennas are present in the flatbed antenna.
A 3D model of the flatbed antenna was constructed for the ARGUS code. The model simplifies the antenna geometry to a further extent, decreasing the 15"
angle that matched the structure and Faraday shield elements to the magnetic field lines to 0" for alignment with the code's Cartesian grid. The corrugated back walls were approximated with smooth walls and the gap spacing between the slanted rear sections of the straps and the slanted rear walls varied stepwise due to the finite g r i d . A l t h o u g h t h e s e approximations prevented accurate calculation of the port impedances, t h e electromagnetic field distribution in the vicinity of the radiating sections of the straps was duplicated quite well. general characteristics. The circular depressions in the VTL (outer) strap peaks are caused by donut structures in the strap; although present in the model as well, their effect is not apparent since no radius of curvature was applied to them, as can be seem in Fig. 8 .
To model the electrical response of the A2 flatbed antenna, each strap was subdivided into approximately two dozen sections. The electrical characteristics of each section, including internal coupling to other sections of the same strap, were calculated with a magnetostatic code and used as input parameters to the ANTMOD code. The calculated scattering parameters were compared to those measured with a network analyzer and an rf load consisting of absorbent material placed in front of the antenna. Fig. 9 shows the magnitude and phase of the calculated and measured reflection coefficients S 11 (outer strap) and S22 (inner strap). In addition to the agreement with measurements over more than two octaves of frequency, it is apparent that the differences between the inner and outer strap geometry result in innedouter line load imbalances over the frequency range of interest (23 to 57 MHz) when presented with identical loads. Fig. 10 shows the transmission coefficient S 12, representing the frequency dependence of the power transmission between inner and outer straps. 
Design Example: TPX ICH System
An example chosen to demonstrate the use of the FDAC code is the Tuning and Matching network for the TPX ICH system, shown schematically in The antenna array design was analyzed in a similar manner to that described for the TFTR antennas. Fig. 12 shows the wave spectra for relative phases between the transmitters of O", ZOO, and 60"; the array directivity can be continuously varied between -0.85 and +0.85 for current drive control.
and frequency shifting.
This tuningimatching system was analyzed for phase stability, load s t a b i l i t y , a n d f r e q u e n c y tuninglmatching range; its performance is described in more detail elsewhere in these proceedings [4] . The important point to make concerning design tools is that the TPX system was completely specified by the data set. FDAC has also modeled and analyzed the ITER arc/ELM handling concept, also antennas, six decouplers at the antennas, and eight tuning/matching elements. The strap pairs are connected to hybrid splitters and driven 90" out of phase; common mode reflected power is routed to the dummy load rather than the transmitter. Fig. 13 shows the calculated response to assumed 1O:l antenna load variations. The reflection coefficient at the transmitters remains below 0.1 and 85% of the transmitter power is coupled to the antennas, on average. 
Conclusions
Calculations of ICH plasma loading have progressed from relative scaling of measured loading to accurate predictions of absolute values. This has come about through more detailed plasma density profile information at the edge, the development of 3D antenna models for plasma interaction, and application of accurate electrical models of antennas to transform plasma loading calculations into measured values. Complex antenna geometries can be treated and their electrical response can be integrated into the overall response of the power distribution system. This increases the confidence to design rf systems for TPX and ITER.
